Background. Diabetes is a risk factor for active tuberculosis (TB), but little is known about the relationship between diabetes and multidrug-resistant (MDR) TB. We aimed to assess risk factors for primary MDR TB, including diabetes, and determine whether diabetes reduced the rate of sputum culture conversion among patients with MDR TB.
There are an estimated 9.5 million new cases of active tuberculosis (TB) disease annually, including 480 000 cases of multidrugresistant (MDR) TB, defined as resistance to at least rifampicin and isoniazid [1] . More importantly, the global reported incidence of MDR TB has increased substantially over the previous 5 years [2] [3] [4] . Simultaneous to the increase of MDR TB, the global prevalence of type 2 diabetes mellitus (diabetes) has increased greatly and in 2015 an estimated of 415 million adults had prevalent diabetes [5] . Although diabetes is an established risk factor for active TB disease and an estimated 15%-25% of global active TB cases are attributable to diabetes [6] , whether diabetes is associated with MDR TB remains unclear.
Previous studies reported that diabetes is associated with having MDR TB [7, 8] , whereas others found no increased prevalence of MDR TB among patients with diabetes compared with those without diabetes [9, 10] . The majority of global MDR TB cases are thought to be due to primary infection with a resistant strain [11] , but whether the increased risk of primary infection for MDR TB is associated with diabetes remains understudied. Although less in known about risk factors for primary MDR TB, studies have reported that close contact with MDR TB patients, either household [12, 13] or nosocomial contact [14] , was associated with primary MDR TB. Improved global control of TB will require improved prevention of primary MDR TB including a better understanding of the relationship between diabetes and risk of MDR TB.
Several studies have reported diabetes to be associated with poor TB treatment outcomes [15] [16] [17] . For example, diabetes was reported to increase the risk of death [18] , relapse [15, 17] , and failure in TB treatment [19] . However, whether diabetes impacts MDR TB treatment outcomes such as delayed culture conversion is not known. Given the paucity of information on the relationship between diabetes and MDR TB, the main objective of this study was to determine the relationship between diabetes and TB treatment outcomes (including time to culture conversion) among patients with primary MDR TB.
METHODS

Setting and Study Design
This work was part of the Hemoglobin A1c Levels among TB patients in Tbilisi (HALT) study, a prospective cohort observed between 2011 and 2014 at the National Center for Tuberculosis and Lung Diseases (NCTLD), the primary center for the National Tuberculosis Program in Tbilisi, Georgia [20] . Patients aged 35 and older with new pulmonary TB either laboratory confirmed (by molecular diagnostic tests, acid-fast bacilli [AFB] smear, and/or culture positive for Mycobacterium tuberculosis [(MTB]) or clinically diagnosed (based on clinical symptoms and chest x-ray findings) were eligible. Retreatment cases or patients with prior history of TB were excluded. Patients with MDR TB were observed during treatment to evaluate time to sputum culture conversion.
Definitions
The primary difference of this study with our previously reported findings [20] is in the study outcomes. The primary outcomes in this study were TB drug resistance profile ( primary MDR TB defined as a case with no prior history of TB treatment) and time to sputum culture conversion among patients with MDR TB. We classified drug resistance pattern into 3 categories: fully susceptible, any resistance (resistant to 1 or more but not MDR TB or extensively drug-resistant [XDR] TB), and MDR or XDR TB (M/XDR). Drug-susceptibility tests (DSTs) were performed at the Georgia National Tuberculosis Reference Laboratory using LJ absolute concentration method, as previously described [20] . Fully susceptible TB was defined as TB that was susceptible to first-line anti-TB drugs (isoniazid, rifampin, ethambutol, and streptomycin). Any resistance was defined as TB resistant to at least 1 first-line TB drug but not MDR TB or XDR TB. MDR TB was defined as resistance to at least isoniazid and rifampin. Multidrug-resistant TB with additional resistance to any fluoroquinolone and at least one of 3 injectable second-line drugs was classified as XDR TB. Patients with missing drug-susceptibility results for all first-line anti-TB drugs were excluded from analyses.
Time to culture conversion was defined as time (in days) from the beginning of TB treatment until the date of the first of 2 consecutive negative sputum culture results that were at least 30 days apart. We classified MDR TB treatment outcome based on World Health Organization criteria as favorable and poor outcome. The favorable outcome group included patients who were cured and completed treatment; whereas patients who were lost to follow up, failed therapy, or died were defined as having a poor treatment outcome [21] . Diabetes status was determined by capillary glycosylated hemoglobin (HbA1c) measured within 60 days after the TB treatment initiation. Diabetes status was defined according to the 2014 American Diabetes Association clinical guidelines [22] ; patients with HbA1c ≥6.5% and/or with a history of diabetes diagnosis were considered to have diabetes.
Demographic and behavioral risk factor information was collected using a questionnaire at the time of enrollment. Participants were interviewed in Kartuli (official language of Georgia) or Russian. Patients were asked to self-report their highest education level, socioeconomic status (SES), smoking status, and alcohol use. Education level, SES, and smoking status were classified as previously reported [20] . Alcohol use was classified as never, intermediate (≤4 drinks per occasion), and heavy (≥5 drinks per occasion).
Statistical Analyses
All statistical analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC). A 2-sided P value <.05 was considered significant in all analyses. To examine the bivariate association between diabetes and drug resistance profile, we used χ 2 for categorical variables and Kruskal-Wallis for continuous nonnormally distributed variables. Multivariable polytomous logistic models were used to estimate the association of diabetes with drug resistance profile. Hazard assessment was performed using Cox proportional hazard models to estimate the rate of culture conversion among MDR TB patients with and without diabetes. Patients were censored if at the end of MDR TB treatment they did not have documented culture conversion, were lost to follow up, or died (with no documentation of prior conversion). Proportional hazard assumptions were assessed graphically, with goodness-of-fit tests, and using time-dependent models [23] . Covariates included in multivariable models were based on previous literature and observed bivariate associations with the primary exposure and outcomes.
Institutional Review Board Approval
This study was reviewed and approved by the institutional review boards at the NCTLD and Emory University.
RESULTS
Study Cohort and Baseline Characteristics
During the study period, 586 newly diagnosed TB patients were treated at NCLTD in Tbilisi; 324 had HbA1c measured and 318 were enrolled in this study. Of the 318 patients, 268 (84.3%) had DST results and were included in final analyses. We compared basic demographic and clinical characteristics among patients with and without DST results and found that patients with missing DST were similar to patients with available DST with respect to gender, SES, baseline AFB, human immunodeficiency virus status (HIV), and median HbA1c (data not shown). Compared with those with DST, those with missing DST were significantly older (55.5 vs 49.0 years) and more likely to be current smokers (62.0% vs 48.9%) (P < .05 for both comparisons).
Among 268 included patients with TB, 52 (19.4%) had M/XDR TB, the median HbA1c was 5.4% (interquartile range [IQR], 5.1%-5.7%), and the prevalence of diabetes was 13.4% (36 of 268). Among patients with diabetes, 25% (9 of 36) were newly diagnosed and 75% (27 of 36) were previously known to have diabetes. Most patients were male (75.4%), and the median age was 49 years (IQR, 42-58). Most participants were in the lower and middle SES (61.9% combined) with the median monthly income of $118.00 (IQR, $41-$412) ( Table 1) . Self-reported current smoking was high (49.1%), and any alcohol use was reported among 70.0%.
Diabetes and Drug Resistance Profile
Among the 268 patients with available DST results, 137 (51.1%) were fully susceptible to all first-line anti-TB drugs, 79 patients (29.5%) had any resistance (resistant to 1 or more but not M/XDR TB), and the remaining had M/XDR TB. The prevalence of MDR TB among patients with diabetes was 30.6% vs 17.7% among patients without diabetes (P = .07). In univariate analysis, lower education attainment, lower monthly household income, and cavitary disease were significantly associated with MDR TB, whereas smoking and heavy alcohol use were associated with any drug resistance (resistant to 1 or more but not M/XDR TB) ( At the end of follow-up, 50 (96.2%) of 52 patients with MDR TB had treatment outcome information; 1 patient had missing treatment outcome data, and 1 patient remained on treatment. Twenty-seven (54%) patients had a favorable treatment outcome (cured or completed), whereas 46% (23 of 50) of patients had poor treatment outcome (died or lost to follow up). The risk of poor treatment outcome was similar among those with diabetes (45.5%) and those without diabetes (46.2%) (P = .96). The risk of poor treatment outcome among those who reported current use of tobacco was 72.7% compared with 25.0% among those who reported past or no history of tobacco use (P ≤ .01).
DISCUSSION
We found that diabetes was a significant risk factor for primary MDR TB and that among a small subset of patients with MDR TB (N = 52), the rate of sputum culture conversion was lower in those with diabetes. The associations with MDR TB and culture conversion remained significant even after adjusting for key confounding factors. Although we only observed 11 patients with MDR TB and diabetes, we found a nonsignificant trend toward an increased median time to sputum culture conversion among MDR TB patients with diabetes. Our findings suggest that diabetes may have a more important role in MDR TB and response to MDR TB treatment than previously indicated.
Whether diabetes is associated with increased prevalence or risk of MDR TB has been inconsistently reported in previous studies. Consistent with our findings that patients with diabetes have more than twice the odds of MDR TB, a retrospective cohort study conducted on the Texas-Mexico border also found that the risk of developing MDR TB was higher among patients with diabetes among both Texas (aOR, 2.14; 95% CI, 1.10-4.17) and Mexican patients (aOR, 1.80; 95% CI, 1.13-4.17) [7] . A case-control study conducted in Bangladesh also reported greater risk of MDR TB among patients with diabetes (OR, 2.25; 95% CI, 1.4-3.6) [24] . However, both Texas and Bangladesh studies included patients with previously treated TB, whereas our study only included patients with newly diagnosed TB. Few studies have previously examined the association between diabetes and primary MDR TB. A cross-sectional study conducted in Taiwan reported that diabetes did not increase the odds of prevalent MDR TB among newly diagnosed patients (aOR, 0.95; 95% CI, .34-2.68) [9] . However, unlike our study, the Taiwanese study did not adjust for potential confounders such as HIV status, smoking, and alcohol use. A case-control study conducted in China reported that comorbidity factors (including diabetes) were associated with an increased risk of primary transmission of MDR TB (aOR, 57.1; 95% CI, 8.6-424.2) [25] . However, this study categorized diabetes with cardiovascular disease, respiratory disease, and cancer as general comorbidity factors, consequently the association between diabetes and primary MDR TB was indeterminate.
Diabetes is associated with altered immune function likely leading to increased susceptibility to bacterial infections such as MTB [7] , but whether altered immune function also leads to increased risk of primary MDR TB or other drug resistance is not known. Although our data demonstrated an association between diabetes and MDR TB, the biologic basis for this observation is speculative. Whether resistant strains of MTB are more infectious than the susceptible strains is unknown [26] ; however, a previous animal model reported that mutations in bacterial genes may increase TB pathogenicity [27] . For example, a molecular analysis of isoniazid-resistant strains found that katG gene mutations in isogenic MTB resulted in increased coding of catalase-peroxidase, an enzyme that may prevent bacterial susceptibility to oxidative stress during the host infection process [28] . However, observations from population-based studies do not support the animal model. A 3-year prospective household contact study conducted in Peru reported that resistant a Patients with MTB susceptible to all of the first-line TB drugs used in Georgia (isoniazid, rifampin, ethambutol, and streptomycin).
b Patients with MTB resistant to at least 1 first-line TB drug but not MDR TB (including patients with monodrug-resistant TB, polydrug-resistant TB, and patients with missing no more than 3 firstline drug-susceptibility test results).
c Patients with MTB resistant to isoniazid and rifampicin; there were 49 patients of MDR TB and 3 patients of XDR TB.
d Adjusted odds ratio after controlling for age, sex, socioeconomic status, smoking status, alcohol use, HIV status, diabetes status, and kidney disease. Empty cells mean that the variables were not included in the multivariate model.
e Bold indicates that the finding is statistically significant at level of confidence of 5% (P < .05).
MTB strains (MDR TB) resulted in fewer secondary TB cases compared with susceptible strains (TB incidence 3.3% vs 4.8%; P < .05), suggesting that the fitness (defined as the ability of pathogen to infect, reproduce, cause disease, and be transmitted) of resistant strains may be lower than the drug-susceptible strains [12] . Studies are needed to determine whether household contact members with diabetes are at increased risk of developing active TB from MDR TB index patients. Time to sputum culture conversion is a strong predictor of MDR TB treatment success [29] , but few studies have examined whether diabetes is associated with lower rates of sputum culture conversion. Our previous work in the country of Georgia reported a nonstatistically significant, lower culture conversion rate among patients with diabetes (aHR, 0.95; 95% CI, .71-1.28) [30] . However, our previous work used self-reported diabetes status, whereas the present study used level of glycosylated hemoglobin (HbA1c) to determine patients' diabetes status. A multinational cohort of patients with MDR TB also reported lower but nonsignificant unadjusted rate of sputum culture conversion among patients with diabetes (HR, 0.76; 95% CI, .54-1.06) [31] . A retrospective cohort study of MDR TB patients from Latvia reported that concurrent diabetes was associated with longer time to culture conversion (P = .02) [32] . Our findings are consistent with the previous studies that suggested diabetes does importantly impact response to MDR TB treatment. Although not statistically significant, we found that patients with controlled diabetes (HbA1c < 8.0%) had faster culture conversion times than those with uncontrolled diabetes (HbA1c ≥ 8.0%). Screening for diabetes and glucose control at the beginning of MDR TB treatment may help to identify patients who have higher risk of delayed sputum culture conversion.
Although not the primary objective of this study, we observed that lower household income was associated with MDR TB and that current smoking was associated with any resistance (resistant to 1 or more but not M/XDR). We also reported that patients with MDR TB who reported to be current smokers had a significantly lower rate of sputum culture conversion. Similar to this study's findings, previous studies consistently reported that low SES and smoking play critical roles in risk of TB and response to TB treatment [33] [34] [35] [36] [37] . Consistent with our finding that patients with lower SES had 3 times greater odds of MDR TB, a study in Turkey reported that the risk of MDR TB is increased by 6-fold among patients with low SES [38] . Although the association between smoking and poor MDR TB treatment outcomes is under studied, this study's finding that smoking lowers the rate of sputum culture conversion is consistent with our previous study in Georgia (aHR, 0.82; 95% CI, .71-.95) [30] . Smoking is thought to be associated with compromised immune mechanisms including reduced phagocytic function of alveolar macrophage [39] . Therefore, in regions with high rates of MDR TB such as Georgia, expanded surveillance and TB prevention programs should be targeted in low SES settings where smoking rates are typically higher. A new approach on TB control that includes smoking cessation program is also suggested to prevent poor TB treatment outcome. This study was subject to limitations. First, our sample size was limited; of all patients seeking for treatment at NCTLD, only 55.3% (324 of 586) were eligible to participate and only 318 were enrolled. However, patients enrolled in the present study were similar with respect to demographic and clinical characteristics when being compared with all patients with TB in the country of Georgia during the study time period. Likewise, we only had 52 patients with MDR TB in our study and 11 patients with MDR TB and diabetes. Studies with greater power are needed to improve precision of estimated effects. Second, our study population came from 1 TB reference center in Tbilisi, and the generalizability to other settings may be limited. Nonetheless, the NCTLD (where our study was conducted) is a referral center for patients from the entire country of Georgia, and consequently our findings are likely relevant to other former Soviet Republics and other low-and middle-income settings with high rates of MDR TB. Third, 16% of enrolled patients in our study did not have complete DST results available and were excluded from analyses. However, we found that patients with missing DST had similar distribution of gender, SES, baseline AFB status, HIV, and HbA1c when compared with patients with available DST. Among patients who were included in the analysis, only 52 had MDR TB and 11 of 52 had diabetes. Nonetheless, in our study, there were only 2 patients with MDR TB who had a missing treatment outcome, providing an exceptional follow-up rate in prospective analyses (96.2%). Fourth, we used a capillary point-of-care HbA1c test to measure diabetes status at 1 time point among study participants. In an ideal setting, a diabetes diagnosis should not be based solely on the result of 1 point-of-care HbA1c test because it may result in misclassification. However, the majority of patients with diabetes in our study were previously diagnosed with diabetes; therefore, if misclassification of diabetes occurred, it was likely due to classifying patients as not having diabetes. Fifth, some of the key covariates in our analysis, such as smoking status and alcohol use, were self-reported and may have resulted in misclassification. However, previous studies have reported high validity of self-reported smoking and alcohol use behaviors compared with biomarker measurement [40] ; therefore, we do not believe the misclassification led to substantial bias in our reported measures of association.
CONCLUSIONS
Previous studies assessing the relationship between diabetes and MDR TB principally were among patients with prior history of TB treatment, whereas in our study we found that diabetes was associated with primary infection with MDR TB and reduced rate of sputum culture conversion during MDR TB treatment. Expanding our understanding of the risk factors for primary infection of MDR TB, including the role of diabetes, will help improve effective MDR TB prevention efforts.
Supplementary Data
Supplementary material is available online at Open Forum Infectious Diseases online (http://OpenForumInfectiousDiseases.oxfordjournals.org/).
